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ACC

:   acetyl‐CoA carboxylase

AE

:   adverse event

AUC

:   area under the concentration‐time curve

AUEC

:   area under the effect curve

BMI

:   body mass index

C~max~

:   maximum mean plasma concentration

CoA

:   coenzyme A

DNL

:   *de novo* lipogenesis

NAFLD

:   nonalcoholic fatty liver disease

NASH

:   nonalcoholic steatohepatitis

OATP

:   organic anion‐transporting polypeptide

PD

:   pharmacodynamic

PK

:   pharmacokinetic

TEAE

:   treatment‐emergent AE

TG

:   triacylglycerol

VLDL

:   very‐low‐density lipoprotein

Nonalcoholic fatty liver disease (NAFLD) is the most prevalent hepatic pathology in the Western world, and nonalcoholic steatohepatitis (NASH), the most severe form of NAFLD, is estimated to occur in 10%‐30% of patients with NAFLD.[1](#hep29246-bib-0001){ref-type="ref"} Dysregulated fatty acid metabolism, including increased fatty acid synthesis and impaired fatty acid oxidation, has been implicated in the etiology of NAFLD and NASH.[2](#hep29246-bib-0002){ref-type="ref"}, [3](#hep29246-bib-0003){ref-type="ref"} *De novo* lipogenesis (DNL), the synthesis of fatty acids such as palmitate from carbohydrates or amino acids, occurs primarily in the liver. The ensuing increase in hepatic steatosis results in formation of complex lipid signaling molecules, leading to lipotoxicity, inflammation, and fibrosis.[3](#hep29246-bib-0003){ref-type="ref"} Therefore, inhibition of fatty acid synthesis coupled with stimulation of fatty acid oxidation has the potential to favorably affect a variety of metabolic diseases including NASH. The acetyl‐coenzyme A (CoA) carboxylase (ACC) isozymes ACC1 and ACC2 are critical enzymes in *de novo* fatty acid synthesis and fatty acid oxidation, respectively. ACC catalyzes the adenosine triphosphate--dependent carboxylation of acetyl‐CoA to form malonyl‐CoA, the rate‐limiting and first committed step in fatty acid synthesis.[2](#hep29246-bib-0002){ref-type="ref"}, [4](#hep29246-bib-0004){ref-type="ref"}, [5](#hep29246-bib-0005){ref-type="ref"} Malonyl‐CoA also acts as an allosteric inhibitor of carnitine palmitoyltransferase, the rate‐limiting enzyme in fatty acid oxidation.[2](#hep29246-bib-0002){ref-type="ref"}, [4](#hep29246-bib-0004){ref-type="ref"} Due to this unique position in intermediary metabolism,[2](#hep29246-bib-0002){ref-type="ref"}, [4](#hep29246-bib-0004){ref-type="ref"}, [6](#hep29246-bib-0006){ref-type="ref"} pharmacologic inhibition of ACC represents an attractive approach to limiting fatty acid synthesis in lipogenic tissues while simultaneously stimulating fatty acid oxidation in oxidative tissues.[2](#hep29246-bib-0002){ref-type="ref"} Mice with targeted mutations that maintain ACC in a constitutively activated state demonstrate histological and clinical signs of NASH, including an elevation in hepatic malonyl‐CoA, enhanced lipogenesis, elevated hepatic triglycerides, insulin resistance, and liver fibrosis.[7](#hep29246-bib-0007){ref-type="ref"}

NDI‐010976 is an orally available, liver‐targeted, potent, and selective small molecule allosteric inhibitor of ACC being developed for the treatment of metabolic disorders characterized by dysregulated fatty acid metabolism including NASH. NDI‐010976 inhibits ACC by binding to an allosteric site that is not conserved across other human enzymes, resulting in a high degree of specificity for the target.[6](#hep29246-bib-0006){ref-type="ref"} NDI‐010976 is a highly potent and selective inhibitor of both ACC1 and ACC2 in biochemical and cellular assays and was designed to be a substrate for hepatic transporter proteins, namely the organic anion‐transporting polypeptide (OATP) transporters, resulting in favorable liver‐directed biodistribution that ensures that the pharmacological effects are focused on the key target tissue for NASH.[6](#hep29246-bib-0006){ref-type="ref"} Results from pharmacodynamic (PD) studies in nonclinical models of metabolic disease indicate that NDI‐010976 can reduce *de novo* fatty acid synthesis and stimulate fatty acid oxidation in the liver, and thus favorably affect *de novo* lipogenesis, hepatic steatosis, insulin resistance, and body weight/body fat without affecting food consumption or markers of liver function.[6](#hep29246-bib-0006){ref-type="ref"} These studies confirm the potential for NDI‐010976 to impact important metabolic endpoints associated with diseases such as NASH.

A reproducible method for assessing hepatic DNL has been developed and validated by measuring the appearance of *de novo* synthesized palmitate in very‐low‐density lipoproteins (VLDLs) in the plasma in response to oral fructose using \[1‐^13^C\]acetate and mass isotopomer distribution analysis.[8](#hep29246-bib-0008){ref-type="ref"} The primary objective of this clinical study was to assess the PD effects of a single oral dose of NDI‐010976 on fractional DNL in overweight and/or obese but otherwise healthy adult male subjects. Secondary objectives included assessment of the safety and tolerability of NDI‐010976, determination of pharmacokinetic (PK) parameters, and correlation of the PK and PD effects of NDI‐010976. The results from this study will inform the design and dose selection of NDI‐010976 for use in future clinical studies in subjects with NASH.

Participants and Methods {#hep29246-sec-0002}
========================

EXPERIMENTAL DESIGN {#hep29246-sec-0003}
-------------------

This study was a two‐period, two‐treatment crossover, randomized, double‐blind, placebo‐controlled, single‐center study designed to determine the PD activity on fractional DNL of a single oral dose of 20, 50, or 200 mg NDI‐010976 compared to placebo in adult male subjects who were overweight and/or obese but otherwise healthy. Three cohorts of 10 subjects at each dose level (total 30 subjects) were included. All subjects were judged by the principal investigator to be obese or overweight volunteers with no other significant health issues and met all eligibility criteria. Inclusion criteria included age between 18 and 50 years and body mass index (BMI) of 25‐32 kg/m^2^. Exclusion criteria included intolerance to or malabsorption of fructose, history of clinically significant gastrointestinal disease and/or surgery that would alter absorption or metabolism of study drug, and history of diabetes or other clinically significant medical disease.

Subjects were randomized in period 1 to receive a single oral dose of either NDI‐010976 or matching placebo followed by a minimum of a 5‐day washout period and administration of the opposite study medication during period 2 (Fig. [1](#hep29246-fig-0001){ref-type="fig"}). On day --1 of both periods, all subjects received an isocaloric (relative to individual BMI) lunch and dinner and then were fasted for the duration of the study beginning at hour --12. Subjects received an intravenous infusion of \[1‐^13^C\]acetate (10 ± 0.25 g in 1,000 mL 0.45% saline solution, GMP grade; Cambridge Isotope Laboratories, Andover, MA) beginning at hour --9, administered at a rate of 50 mL/hour over 19 hours by infusion pump. At hour 0 on day 1 of both period 1 and period 2, subjects received either active NDI‐010976 capsules as a single oral dose (20, 50, or 200 mg) or matching placebo capsules administered with 240 mL of water. Immediately after study medication administration in both periods, subjects began drinking fructose (250 mg fructose/kg body weight) dissolved in tap water mixed with a zero‐calorie flavor agent administered every 30 ± 5 minutes until hour +9.5 for a total of 20 doses.

![Schematic of study design protocol.](HEP-66-324-g001){#hep29246-fig-0001}

SELECTION OF NDI‐010976 DOSES {#hep29246-sec-0004}
-----------------------------

This clinical study is the third study of NDI‐010976 in humans including single‐dose and repeat‐dose safety studies. The dose range selected for evaluation in the current study was based on tolerability observed in a single ascending dose clinical safety study in healthy adults in which doses of NDI‐010976 between 30 and 1,000 mg were well tolerated.[9](#hep29246-bib-0009){ref-type="ref"} The dose levels of 20, 50, and 200 mg were selected based on a preclinical model of hepatic *de novo* fatty acid synthesis in Sprague‐Dawley rats to provide assessment of a potential dose--response relationship in humans ([Supporting Table S1](http://onlinelibrary.wiley.com/doi/10.1002/hep.29246/suppinfo)).[6](#hep29246-bib-0006){ref-type="ref"} The highest dose of 200 mg was included to investigate the maximum effect on DNL. The 20 mg dose level was included to explore the lower end of the dose--response curve. The sample size chosen for this study was selected without statistical considerations and was based on typical cohort size for studies of DNL in humans.

BLINDING {#hep29246-sec-0005}
--------

This was a double‐blind, randomized, placebo‐controlled, crossover study. The site staff, including the principal investigator and study coordinator, and all subjects were blinded to whether the subjects were receiving active study drug or placebo in each period. The clinic pharmacy staff remained unblinded to ensure proper randomization and dosing. The PD/PK bioanalysis laboratory staff were unblinded, and any data provided by these laboratories to the site staff, principal investigator, study coordinator, and sponsor were provided in a blinded manner until after database lock.

SAFETY {#hep29246-sec-0006}
------

Safety was monitored through physical examinations, vital signs, clinical laboratory tests, and recording of treatment‐emergent adverse events (TEAEs). All reported adverse events (AEs) were coded to a standard set of terms, using the *Medical Dictionary for Regulatory Activities*, Version 18.0. TEAEs were defined as any AEs that occurred after dosing with study medication (NDI‐010976 or placebo) in period 1. TEAEs that occurred after dosing with study medication in period 1 up to the time of dosing with study medication in period 2 were attributed to the study medication (NDI‐010976 or placebo) that the subject received in period 1. TEAEs that occurred after dosing with study medication in period 2 were attributed to the study medication (NDI‐010976 or placebo) that the subject received in period 2. AEs that started after acetate infusion and before study drug administration in period 1 were counted separately from the study treatments (NDI‐010976 or placebo). The number of subjects experiencing TEAEs and the number of TEAEs were summarized by preferred term for acetate infusion, pooled placebo, each NDI‐010976 treatment, and total NDI‐010976 treatment.

Clinical laboratory assessments (serum chemistry, hematology, and urinalysis) were performed at screening, check‐in (day --1), hour 10 of day 1 of each period, and, if applicable, at early termination visit. Vital signs, including systolic and diastolic blood pressure, pulse rate, respiratory rate, and body temperature, were measured at screening, check‐in (day --1), and hours 0 (pre‐dose), 5.5, and 10.5 on day 1 of each period and, if applicable, at early withdrawal. Baseline was defined as the last predose value, including rechecks, in each period. Safety 12‐lead electrocardiograms were performed at screening.

PHARMACODYNAMICS {#hep29246-sec-0007}
----------------

Blood samples for the determination of fractional DNL, serum lipids (total cholesterol, high‐density lipoprotein cholesterol, low‐density lipoprotein cholesterol, VLDL, triglycerides, glycerol‐blanked triglycerides, and free glycerol), serum leptin and adiponectin, and blood ketones were collected at protocol‐specified times (Fig. [1](#hep29246-fig-0001){ref-type="fig"}). Serum concentrations of lipids and blood ketones by ketometer were determined by the Celerion clinical laboratory (Tempe, AZ). Serum concentrations of leptin and adiponectin were determined using solid‐phase enzyme‐linked immunosorbent assays by Pacific Biomarkers (Seattle, WA). Sample analysis and fractional DNL calculations were performed by KineMed (Emeryville, CA) using gas chromatography‐mass spectrometry and mass isotopomer distribution analysis as described.[8](#hep29246-bib-0008){ref-type="ref"}, [10](#hep29246-bib-0010){ref-type="ref"}, [11](#hep29246-bib-0011){ref-type="ref"} Briefly, at each time point VLDL particles were isolated from plasma by sequential ultracentrifugation, total lipids were extracted from VLDL with chloroform:methanol (2:1), and VLDL‐triacylglycerols (VLDL‐TGs) were then isolated by thin layer chromatography. VLDL‐TG fatty acids were trans‐esterified to fatty acid‐methyl esters for gas chromatography‐mass spectrometry analyses. Fractional DNL represents the fraction of palmitate in VLDL‐TG that was newly synthesized during the period of the \[1‐^13^C\]acetate infusion. Fractional DNL was measured after an overnight fast (hour --1 and hour 0) and in response to fructose (from hour +1 until hour +10). Fructose‐induced fractional DNL was determined by calculating the change from fasting baseline DNL at each postdose time point by subtracting individual baseline values from time‐matched active values for each subject. In addition, fractional DNL area under the effect curve (AUEC) was determined using Phoenix WinNonlin, Version 6.3, for both raw values and change from fasting baseline fractional DNL.

PHARMACOKINETICS {#hep29246-sec-0008}
----------------

Plasma samples for quantitation of NDI‐010976 levels were collected predose and hourly through 10 hours postdose on day 1. Plasma concentrations of NDI‐010976 were determined using validated high‐performance liquid chromatography‐tandem mass spectrometry methods at Covance (West Trenton, NJ). The lower limit of quantitation was 0.5 ng/mL for NDI‐010976 in human plasma. The noncompartmental plasma PK parameters of NDI‐010976 were determined using Phoenix WinNonlin, Version 6.3, and SAS, Version 9.3, including maximum plasma concentrations (C~max~), area under the concentration--time curve (AUC~0‐t~), and time point of maximum plasma concentration (t~max~). Actual sample times were used in the calculations.

PK‐PD ANALYSIS {#hep29246-sec-0009}
--------------

The PK‐PD relationships of NDI‐010976 were examined using PK estimates of AUC~0‐t~, C~max~, and C~10hours~ and two PD endpoints including AUEC and the percentage fractional DNL of placebo at 10 hours for each subject. Data were fit using a logarithmic curve fit, and the associated *R* ^2^ values were compared to evaluate the strength of the PK--PD correlation (GraphPad Prism 6, Microsoft Excel 2013). The individual PK--PD temporal data for each subject at each sampling time point for each dose was also examined to estimate plasma concentrations at which 70% and 90% inhibition of maximal DNL was observed.

Results {#hep29246-sec-0010}
=======

SUBJECT DEMOGRAPHICS AND DISPOSITION {#hep29246-sec-0011}
------------------------------------

The baseline characteristics and demographics of the study subjects are presented in Table [1](#hep29246-tbl-0001){ref-type="table-wrap"}, and an enrollment summary is presented in Fig. [2](#hep29246-fig-0002){ref-type="fig"}. A total of 32 subjects were enrolled in the study and randomized to study treatment; 30 subjects received one dose of study medication, and 27 subjects completed the study according to protocol. Two subjects in cohort 1 were discontinued on day 1 of period 1 due to an AE prior to dosing (see Safety below) and replaced. Two subjects in cohort 2 were lost to follow‐up in period 2. One subject in cohort 3 withdrew on day --1 of period 2 due to a family emergency. Baseline characteristics of the study population were comparable across cohorts. The majority of subjects (80%) were white, 67% were Hispanic or Latino, and the mean age was 38.5 years (range 26‐49 years). The mean weight was 86.0 kg (range 63.0‐103.2 kg), mean BMI was 28.1 kg/m^2^ (range 25.7‐31.9 kg/m^2^), and 30% of subjects were obese (BMI ≥30 kg/m^2^). None of the subjects were diabetic.

###### 

Subject Demographics

  Trait                                  Category                    Number of Subjects (Percent of Subjects)
  -------------------------------------- --------------------------- ------------------------------------------
  Gender                                 Male                        30 (100%)
  Race                                   Black or African American   3 (10%)
  White                                  24 (80%)                    
  White, American Indian/Alaska Native   1 (3%)                      
  Asian                                  1 (3%)                      
  White, Black or African American       1 (3%)                      
  Ethnicity                              Hispanic or Latino          20 (67%)
  Non‐Hispanic or Latino                 10 (33%)                    
                                                                     Mean (± standard deviation)
  Age (years)                                                        38.5 (± 7.6)
  Weight (kg)                                                        86.0 (± 10.0)
  Height (cm)                                                        174.6 (± 8.6)
  BMI (kg/m^2^)                                                      28.1 (± 1.7)

![CONSORT flow diagram of patient disposition.](HEP-66-324-g002){#hep29246-fig-0002}

SAFETY {#hep29246-sec-0012}
------

A summary of the safety results is provided in Table [2](#hep29246-tbl-0002){ref-type="table-wrap"}, and detailed safety results are included in [Supporting Table S2](http://onlinelibrary.wiley.com/doi/10.1002/hep.29246/suppinfo). Overall, single oral doses of NDI‐010976 were safe and well tolerated. There were no deaths, serious AEs, or Grade 3 or higher TEAEs in this study. Two subjects were discontinued due to an AE of infusion site extravasation that occurred predose in period 1. There were no clinically important treatment‐related or dose‐related trends in the incidence or severity of TEAEs, clinical laboratory, vital sign, or physical examination assessments in this study. Gastrointestinal disorders including diarrhea and flatulence were the most common TEAEs following both active and placebo treatments, and these may have been related to fructose administration. Diarrhea was the most common, reported by 11 (38%) subjects following NDI‐010976 and 9 (30%) subjects in the pooled placebo population. Flatulence, the next most common, was reported by 5 (17%) subjects following NDI‐010976 and 3 (10%) subjects in the pooled placebo population.

###### 

Summary of Safety Observations

  ---------------------------------------------------------------------------------------------------------------------------
  TEAEs                               Acetate Infusion   Pooled Placebo   20 mg\       50 mg\       200 mg\      Total\
                                                                          NDI‐010976   NDI‐010976   NDI‐010976   NDI‐010976
  ----------------------------------- ------------------ ---------------- ------------ ------------ ------------ ------------
  Number of subjects dosed            30                 30               9            10           10           29

  Number of subjects with TEAEs\      4 (13%)            12 (40%)         3 (33%)      7 (70%)      5 (50%)      15 (52%)
  (% of subjects dosed)                                                                                          

  Number of subjects without TEAEs\   26 (87%)           18 (60%)         6 (67%)      3 (30%)      5 (50%)      14 (48%)
  (% of subjects dosed)                                                                                          
  ---------------------------------------------------------------------------------------------------------------------------

EFFICACY AND BIOMARKERS {#hep29246-sec-0013}
-----------------------

The results for fractional DNL demonstrate the successful implementation of the stable isotope methodology to assess the pharmacodynamic effects of NDI‐010976 on fructose‐stimulated hepatic DNL (Fig. [3](#hep29246-fig-0003){ref-type="fig"}A). The crossover design used in this study emphasized comparisons within subjects over time rather than comparisons among groups, which mitigates and controls for differences in baseline DNL and other unrecognized intersubject variables. Periodic oral administration of fructose‐stimulated fractional DNL from a fasted baseline of 7.15 ± 4.94% new palmitate at hour 0 (predose) to 38.10 ± 5.66% at hour 10 in the pooled placebo subjects ([Supporting Table S3](http://onlinelibrary.wiley.com/doi/10.1002/hep.29246/suppinfo)). A comparison of treatment effects across groups for fractional DNL as mean AUEC or fractional DNL at the end of the treatment period (10 hours) is shown in Fig. [3](#hep29246-fig-0003){ref-type="fig"}B,C. Analysis of the AUEC for fractional DNL change from fasting baseline (fasting‐adjusted DNL) showed a prominent dose‐dependent inhibition following treatment with NDI‐010976 relative to placebo of approximately 70 ± 6%, 85 ± 3%, and 104 ± 2% (mean ± standard error of the mean) following single‐dose administration of 20, 50, and 200 mg, respectively (Fig. [3](#hep29246-fig-0003){ref-type="fig"}B). Following a single dose of 50 mg NDI‐010976, all subjects had \>70% inhibition of DNL as determined by fasting‐adjusted DNL AUEC over the 10‐hour study period compared to the matched placebo period, and all subjects administered 200 mg NDI‐010976 had complete or near complete inhibition of DNL. NDI‐010976 demonstrated a prolonged and marked dose‐dependent reduction in fractional DNL at 10 hours postdose when mean reduction of fasting‐adjusted DNL was approximately 41 ± 9%, 53 ± 9%, and 94 ± 4% relative to placebo following 20, 50, and 200 mg NDI‐010976, respectively (Fig. [3](#hep29246-fig-0003){ref-type="fig"}C).

![Fractional DNL change from fasting baseline. (A) Time course of fructose‐induced mean fractional DNL following a single dose of placebo or 20, 50, and 200 mg of NDI‐010976. Fasted baseline‐adjusted fractional DNL was normalized as percent of maximal DNL at 10 hours postdose of each individual. (B) Mean (± standard error of the mean) change from fasting baseline‐adjusted fractional DNL by AUEC for NDI‐010976‐treated groups was normalized to matched placebo. (C) Mean (± standard error of the mean) change from fasting baseline‐adjusted fractional DNL at hour 10 end of study for NDI‐010976‐treated groups was normalized to maximal fasting baseline‐adjusted DNL following placebo treatment at 10 hours postdose.](HEP-66-324-g003){#hep29246-fig-0003}

PK AND PK--PD RELATIONSHIPS {#hep29246-sec-0014}
---------------------------

Plasma PK concentration time curves and mean PK parameters were estimated from a limited PK sampling time course in this study and are shown in Fig. [4](#hep29246-fig-0004){ref-type="fig"}. Mean plasma NDI‐010976 AUC~0‐t~ and observed C~max~ values increased with increasing NDI‐010976 dose. The mean observed plasma concentration versus time profiles of NDI‐010976 following a single oral dose at 20, 50, and 200 mg achieved mean maximum plasma concentrations (C~max~) and area under the concentration‐time curve from time 0 to 10 hours (AUC~0‐10hours~) of 15.5, 36.5, and 222 ng/mL and 39.9, 98.8, and 518 ng\*hr/mL, respectively. The median peak plasma concentrations of NDI‐010976 were observed at the earliest sampling time points from 1.0 to 2.0 hours (t~max~) following administration of 20 to 200 mg NDI‐010976. Mean concentrations at the last observed time point (10 hours postdose) were low and not dose‐proportional due to high variability at this time point.

![Human plasma PK of NDI‐010976. Mean (± standard deviation) plasma concentration--time profiles of NDI‐010976 in overweight adult male subjects after administration of a single oral dose at 20, 50, and 200 mg (n = 10/group).](HEP-66-324-g004){#hep29246-fig-0004}

As anticipated from the acute, single‐dose nature of the study, no significant NDI‐010976 effects were observed on serum glucose, lipids, leptin, and adiponectin, or blood ketones following a single dose of 20, 50, or 200 mg NDI‐010976 ([Supporting Table S4](http://onlinelibrary.wiley.com/doi/10.1002/hep.29246/suppinfo)). Based on the scatter plots comparing two pharmacodynamic endpoints for DNL (fasting‐adjusted DNL AUEC and percent maximal DNL at 10 hours) and three measures of plasma NDI‐010976 exposure (concentration at hour 10 \[C~10hours~\], AUC~0‐t~, and C~max~), there was a trend toward decreased fractional DNL with increasing plasma NDI‐010976 exposure ([Supporting Fig. S1](http://onlinelibrary.wiley.com/doi/10.1002/hep.29246/suppinfo)). The strongest correlation (*R* ^2^ = 0.5696) occurred between the percentage change of DNL at 10 hours compared to fasting baseline and C~10hours~ plasma exposure. For DNL AUEC, a similar correlation was observed with plasma exposures of NDI‐010976 determined both by AUC~0‐t~ (*R* ^2^ = 0.4548) and C~10hours~ (*R* ^2^ = 0.4937). The weakest relationship (*R* ^2^ \< 0.3) for both DNL PD endpoints was with C~max~ exposure of NDI‐010976, likely due in part to the limited PK sampling characterizing early plasma exposures. Further, there was a direct relationship between individual plasma concentrations of NDI‐010976 and inhibition of fructose‐stimulated DNL response across the experimental time course ([Supporting Fig. S1D](http://onlinelibrary.wiley.com/doi/10.1002/hep.29246/suppinfo)). Plasma concentrations of NDI‐010976 \>2.2 ng/mL were associated with at least 70% inhibition of fractional DNL (one data point outlier), while plasma concentrations greater than approximately 4.0 ng/mL yielded \>90% inhibition of fractional DNL (two data point outliers) across all dose groups, thus defining minimal drug concentrations required to maintain complete inhibition of the fructose‐stimulated increase in fractional DNL.

Discussion {#hep29246-sec-0015}
==========

The objectives of this study were to determine the extent of inhibition of hepatic DNL achievable with a liver‐targeted, allosteric inhibitor of acetyl‐CoA carboxylases, ACC1 and ACC2, and to guide dose selection of NDI‐010976 to be studied in patients with NASH. In overweight and/or obese but otherwise healthy adult male subjects, NDI‐010976 demonstrated a dose‐dependent inhibition of fructose‐stimulated fractional DNL AUEC of approximately 70%, 85%, and 104% relative to placebo following single oral doses of 20, 50, and 200 mg, respectively. Analyses of percentage change of fasting‐adjusted DNL relative to placebo (at hour 10 and AUEC) versus plasma NDI‐010976 exposure (based on plasma NDI‐010976 concentration at hour 10 and AUC~0‐t~) support an inverse relationship between fractional DNL and plasma NDI‐010976 exposure. The most striking concentration--effect relationship was that fractional DNL was inhibited by at least 70% and 90% when plasma concentrations of NDI‐010976 exceeded 2.2 and 4.0 ng/mL, respectively.

NDI‐010976 was designed to take advantage of chemical properties that enable active transport into the liver through oral administration to achieve high liver drug concentrations while maintaining low systemic exposure, providing for both inhibition of fatty acid synthesis and stimulation of mitochondrial fatty acid oxidation.[6](#hep29246-bib-0006){ref-type="ref"} The profound inhibitory effect on DNL at very low plasma concentrations of drug in this clinical study is a reflection of the specific liver‐targeted biodistribution of NDI‐010976. While plasma concentrations of NDI‐010976 required for this pharmacodynamic effect on DNL were low, substantially higher drug levels in liver are expected due to the preferential uptake of NDI‐010976 into hepatocytes through OATP transporters. In preclinical studies, hepatic extraction in cynomolgus monkeys, a species with high homology in amino acid sequence and substrate specificity to human for OATP transporters, was approximately 94%, suggesting the estimated human liver concentrations of NDI‐010976 may be greater than an order of magnitude higher than plasma concentrations[12](#hep29246-bib-0012){ref-type="ref"}, [13](#hep29246-bib-0013){ref-type="ref"}, [14](#hep29246-bib-0014){ref-type="ref"} (also unpublished data). Moreover, the observed PK--PD response relationship of NDI‐010976 in this clinical study was consistent with data in a preclinical model of *de novo* fatty acid synthesis in Sprague‐Dawley rats ([Supporting Tables S1 and S6](http://onlinelibrary.wiley.com/doi/10.1002/hep.29246/suppinfo)).

Indeed, further analysis of the 20 mg low‐dose subject data revealed an average of 60 ± 26% (mean ± standard deviation) inhibition of fractional DNL at the earliest measurable fructose‐induced increase in placebo DNL (2 hours postdose), consistent with rapid liver extraction of NDI‐010976. The associated plasma concentrations at 2 hours postdose ranged from 5.7 to 23.5 ng/mL. One subject in this dose group demonstrated the highest plasma C~max~ (43.4 ng/mL) and the lowest DNL response (22.6 % inhibition at 2 hours postdose) of all subjects from the 20 mg dose group, consistent with lower hepatic extraction of NDI‐010976 in this individual. Across the three dose groups, subjects with plasma exposure above 2.2 ng/mL were associated with \>70% inhibition of maximal DNL (201 of 202 data points), followed by steady recovery of DNL activity at later time points with lower plasma concentrations. Despite variability in the interindividual PK, subjects maintained at least 70% inhibition of hepatic fructose‐stimulated fractional DNL for at least 6 hours following a 20 mg oral dose of NDI‐010976.

There are several mechanisms by which hepatic *de novo* lipid synthesis leads to an increased hepatic triglyceride content. Increased rate of lipogenesis results from an increased flux of carbons through glycolysis that serve both as the glycerol backbone for TG synthesis and as the fatty acids that are esterified to the glycerol backbone. Moreover, DNL increases malonyl‐CoA levels, which inhibits transport of fatty acids into the mitochondria through negative regulation of carnitine palmitoyltransferase, leading to inhibition of mitochondrial lipid oxidation and increased cytosolic re‐esterification of fatty acids in the liver.[15](#hep29246-bib-0015){ref-type="ref"}, [16](#hep29246-bib-0016){ref-type="ref"} The result is either an increase in secretion of VLDL‐TG or accumulation of hepatic fat droplets. Palmitate, the primary fatty acid product of DNL, is a saturated fatty acid that has been demonstrated to promote inflammation and endoplasmic reticulum stress.[3](#hep29246-bib-0003){ref-type="ref"}, [17](#hep29246-bib-0017){ref-type="ref"}, [18](#hep29246-bib-0018){ref-type="ref"} The accumulation of malonyl‐CoA also promotes elongation of free fatty acids, enabling the formation of complex lipids important in signaling pathways implicated in inflammation and fibrosis.[19](#hep29246-bib-0019){ref-type="ref"} Therefore, elevated DNL, mediated through ACC1 and ACC2, plays an important role in the underlying pathophysiology of NASH.

An important contributor of fat accumulation in NAFLD is the loss of hepatic regulation of the rate of lipogenesis that normally occurs in the transition from the fasted to the fed state. There exists both indirect and direct evidence that elevated lipogenesis provides a significant source of the fatty acids accumulating in the livers of patients with NAFLD.[20](#hep29246-bib-0020){ref-type="ref"}, [21](#hep29246-bib-0021){ref-type="ref"}, [22](#hep29246-bib-0022){ref-type="ref"}, [23](#hep29246-bib-0023){ref-type="ref"} Lambert and colleagues reported that fatty acid synthesis through DNL is 3.5‐fold higher in individuals with high liver fat compared to low liver fat, and as a percentage of TG‐palmitate, there was a greater than 2‐fold increase in contribution of VLDL‐TG from DNL in high--liver fat individuals.[23](#hep29246-bib-0023){ref-type="ref"} These systemic changes were independently associated with intrahepatic triglyceride levels, demonstrating a positive association between fasting DNL and intrahepatic triglyceride levels in all subjects. The most striking evidence for a role of hepatic DNL in NAFLD is that DNL is not suppressed by fasting in subjects with NAFLD, and fasting lipogenesis is approximately 5‐fold higher in insulin‐resistant compared to insulin‐sensitive individuals.[24](#hep29246-bib-0024){ref-type="ref"} Thus, the effect of insulin resistance manifested through increased rate of DNL is not responsive to the nutritional state of the individual. Lastly, the flux of free fatty acids from adipose tissue is not different between high--liver fat and low--liver fat individuals.[23](#hep29246-bib-0023){ref-type="ref"}

For context in relationship to therapeutic intervention in subjects with NAFLD and specifically NASH, a study evaluating the effect of pioglitazone on DNL in subjects with type 2 diabetes mellitus and hypertriglyceridemia using a similar stable isotope labeling protocol has been reported.[11](#hep29246-bib-0011){ref-type="ref"} In that study, pioglitazone reduced hepatic DNL by 40%. The dose of pioglitazone evaluated was similar to that used in the PIVENS trial in subjects with NASH that was associated with significant improvement in steatosis, inflammation, and hepatocellular ballooning, as well as improvements in insulin resistance and liver biochemistry.[25](#hep29246-bib-0025){ref-type="ref"} Thus, repeat dosing of pioglitazone at a dose that caused 40% reduction in hepatic DNL translated to evidence of clinical benefit in NASH subjects. However, while glitazones may have favorable effects on hepatic lipogenesis and macrophage inflammatory parameters, the adverse effects associated with glitazone use (adipose fat accumulation, weight gain, cardiovascular effects) limit their use in NASH patients. A single oral dose of 20 mg NDI‐010976 reduced mean fructose‐stimulated fractional DNL by 70%, suggesting that a greater effect may be achieved at steady‐state drug levels with repeat dosing. Longer labeling of the precursor pool may result in a greater effect of NDI‐010976 on fractional DNL than that observed in the present study.[26](#hep29246-bib-0026){ref-type="ref"} Future studies will enable determination of the effects of longer duration of inhibition of ACC on DNL and other endpoints of NASH.

Based on the allosteric mechanism of inhibition, NDI‐010976 is anticipated to have a favorable safety profile. NDI‐010976 inhibits ACC through interaction with a binding site that is not conserved across other human enzymes, including carboxylases, resulting in an excellent selectivity profile of NDI‐010976 with reduced off‐target activity.[6](#hep29246-bib-0006){ref-type="ref"}, [9](#hep29246-bib-0009){ref-type="ref"} The liver‐directed biodistribution of NDI‐010976 ensures that pharmacological effects are focused on the key target tissue for NASH and is anticipated to minimize effects outside of the liver. While this study was not specifically designed to assess the safety of NDI‐010976, a previous clinical study has demonstrated the safety of single‐dose administration in normal healthy subjects up to a dose of 1,000 mg.[9](#hep29246-bib-0009){ref-type="ref"} In this current phase 1 clinical study, single oral doses of NDI‐010976 from 20 to 200 mg were well tolerated when administered to overweight and/or obese but otherwise healthy male adult subjects. No clinically important treatment‐related or dose‐related trends in TEAEs, clinical laboratory tests, vital signs, or physical examination findings were observed in this study. In addition, as anticipated from an acute single‐dose study, there were no apparent study drug effects on serum glucose, lipids, leptin or adiponectin, or blood ketones. Full assessment of the safety of prolonged inhibition of ACC by NDI‐010976 will be determined in longer‐term phase 2 clinical studies that are currently ongoing.

Overall, NDI‐010976 is anticipated to add considerable value to the treatment algorithm of NASH, particularly in light of the high unmet medical need, lack of effective existing therapies, and limitations of emerging treatments. First, through the mechanism of inhibiting ACC, NDI‐010976 reduces the *de novo* formation of long‐chain lipid signaling molecules and significantly decreases hepatic free fatty acids and triglycerides, which are considered the driving force behind lipotoxicity in the liver that leads to hepatocellular injury, inflammation, and fibrosis.[3](#hep29246-bib-0003){ref-type="ref"} In addition, inhibition of ACC reduces concentrations of malonyl‐CoA and thereby further reduces free fatty acids by stimulating mitochondrial fatty acid oxidation. Based on nonclinical data showing dramatic reductions in hepatic triglyceride levels in several rodent models, NDI‐010976 is anticipated to have a significant impact on hepatic steatosis in patients with NASH.[6](#hep29246-bib-0006){ref-type="ref"}

One potential effect of ACC inhibition would be an anticipated increase in cellular acetyl‐CoA due to reduced conversion to malonyl‐CoA and increased mitochondrial beta‐oxidation. The fate of the cytosolic acetyl‐CoA not used for fatty acid synthesis and the fate of the mitochondrial acetyl‐CoA formed through enhanced beta‐oxidation remain to be fully characterized in humans. However, it is clear that the cytosolic acetyl‐CoA that is not converted into fatty acids following inhibition of ACC in cultured cells and experimental animals does not shunt to *de novo* cholesterol synthesis.[2](#hep29246-bib-0002){ref-type="ref"}, [6](#hep29246-bib-0006){ref-type="ref"}, [27](#hep29246-bib-0027){ref-type="ref"} It is also clear that the acetyl‐CoA formed through enhanced mitochondrial beta‐oxidation is not converted through pyruvate and gluconeogenesis to glucose but is rather converted to ketone bodies, even in the fed state, and that basal metabolic rates are elevated after drug treatment, leading to a greater CO~2~ production and a correspondingly, albeit smaller, increase in O~2~ consumption.[6](#hep29246-bib-0006){ref-type="ref"}, [27](#hep29246-bib-0027){ref-type="ref"}, [28](#hep29246-bib-0028){ref-type="ref"} Studies to further explore, and to more completely describe in quantitative terms, the fates of cytosolic and mitochondrial acetyl‐CoA after ACC inhibition in experimental animals are in progress, and the findings from those studies will be used to incorporate similar evaluations into longer‐term clinical studies.

In summary, this clinical study demonstrates that single‐dose treatment with NDI‐010976 dramatically decreases fructose‐stimulated hepatic DNL in overweight and/or obese but otherwise healthy, adult male subjects. Future studies will evaluate the clinical and histologic benefits of NDI‐010976 treatment in subjects with NASH.
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